ABSTRACT
INTRODUCTION
Magnesium oxide (MgO) is a metal oxide formed from the cosmically abundant elements of magnesium and oxygen. MgO is a major constituent of chondritic meteorites (Maatouk et al. 2010) . It was observed in the exosphere of Mercury by the first and second flyby of the MESSENGER spacecraft (Killen et al. 2010; Sarantos et al. 2011) . The observed distribution suggests temperatures of tens of thousands Kelvin. The quantity of MgO in the lunar surface was estimated using X-ray fluorescence observations made by the Chandrayaan-1 X-ray Spectrometer (Weider et al. (2012) ). The strongest singlet band (B 1 Σ + -X 1 Σ + ) present in the lunar exosphere were analysed during the 2009 Perseid meteor shower (Berezhnoy et al. 2014 ).
MgO is also thought to be a major component of interstellar dust (Yoneda & Grossman 1995; Nozawa et al. 2003; Rietmeijer 2009 ). Attempts to detect MgO in the gas phase in the interstellar medium (ISM) have so far proved inconclusive (Turner & Steimle 1985) or negative (Sakamoto et al. 1998) , suggesting that Mg is heavily depleted onto grains (Sakamoto et al. 1998) . The discovery of hot, rocky exoplanets has led to suggestions that the many compounds usually in the condensed phase, and in particular MgO (Coppari et al. 2013) , should be present in significant concentrations in the gas phases (Schaefer et al. 2012; . The detection of us such species would require lists of key spectroscopic transitions and here we provide line lists for MgO isotopologues which should be valid over an extended range of temperatures MgO has a very characteristic electronic spectrum which should be amenable to observations. In particular, the two singlet systems (B 1 Σ + -A 1 Π and B 1 Σ + -X 1 Σ + ), called the red and green band systems respectively, have long been studied in the laboratory (Mahanti 1932; Lagerqvist & Uhler 1949) . Experimental studies of MgO spectra initially used grating spectrographs and more recently laser spectroscopy which allowed experiments to be performed on the low lying states as well as some higher states such as the E 1 Σ + and F 1 Π states (Bellert et al. 2003; Wang et al. 2004) . A full survey of high resolution spectroscopic studies of MgO is given in the next section.
The most recent and comprehensive ab initio study of MgO is by Bauschlicher & Schwenke (2017) , who presented a high level study for a large number of electronic states of this molecule using the SA-CASSCF/IC-MRCI/aug-cc-pV5Z level of theory. They reported high level ab initio potential energy and (transition) dipole moment curves as well as lifetimes for a number of electronic bands. We have adopted these ab initio curves for the present study. Another recent and accurate ab initio study of MgO, also relevant to our work, is by Maatouk et al. (2010) , who used the MRCI/cc-pV5Z method to compute potential energy, spin-orbit and transition dipole moment curves for the valence and valence-Rydberg electronic states of MgO. Earlier, but also comprehensive, ab initio studies of MgO were performed by Thommel et al. (1989b) and Thommel et al. (1989a) using the MRDCI method for various states. None of these works reported the electronic angular momenta of MgO.
Limited work have been performed on the construction of MgO line lists. While studies have reduced the observed spectra into spectroscopic constants (Pyykkö et al. 1987; Thommel et al. 1989b; Daily et al. 2002) , the only sourcesof astronomical transition data is the JPL list of 44 pure rotational transitions associated with the v = 0 and v = 1 vibrational states of the X 1 Σ + electronic ground state (Pickett et al. 1998) . These data are designed for detecting MgO in the interstellar medium but do not provided the information required to study the spectra of hotter sources.
The ExoMol project aims to provide a catalogue of spectroscopic transitions for molecular species which may be present in the atmospheres of the exoplanets, brown dwarfs and cool stars (Tennyson & Yurchenko 2012) . The ExoMol database ) currently contains 52 molecules ranging from diatomic to polyatomic molecules and ions . However, there are only a handful of metal oxides are available, namely CaO , VO (McKemmish et al. 2016) , AlO (Patrascu et al. 2015) and SiO (Barton et al. 2013) ; an updated line list for TiO has just been completed (McKemmish et al. 2019) . Such line lists are also important for analysing and modelling spectra in laser induced plasmas (Woods et al. 2012; De Giacomo et al. 2014; Parigger et al. 2015) .
Here we present new extensive line lists for MgO covering the spectroscopy of its five lowest electronic states,
The line list are computed using nuclear-motion program Duo (Yurchenko et al. 2016a ) using a combination of empirical and ab initio potential energy curves (PECs), spin-orbit curves (SOCs) and electronic angular momenum curves (EAMCs) in conjunction with high level ab initio (transition) dipole moment curves (T)DMCs. The ab initio curves were taken from the literature, where available, or were computed as part of this work. Given the astronomical interest in MgO, the line lists are produced to cover an extensive energy and spectroscopic range, up to 37 250 cm
and should be applicable for temperatures up to at least 5000 K. Line lists are generated for the three stable isotopes of Mg and three stable isotopes of O. 
Spectroscopic model
As with other metal oxides studied within the ExoMol projects, the procedure used here to calculate the line list for MgO is to refine the ab initio PECs, SOCs and EAMCs using available experimental data (Tennyson 2011) .
Our model of MgO consists of five PECs, In order to facilitate the refinement of the experimental model, the four lowest PECs (X, a A, and B) were represented using an extended Morse oscillator (EMO) (Lee et al. 1999) potentials with the form:
where D e = A e − V e is the dissociation energy, r e is an equilibrium distance of the PEC, and ξ is theŠurkus variable (Šurkus et al. 1984) . TheŠurkus variable is defined as:
where p is a non-zero real number parameter, r ref is a reference position and r ref = r e in this case. The b state ab initio PEC was not used in the refining procedure and therefore did not need to be represented analytically. The ab initio points values were interpolated on the Duo grid using the cubic splines Yurchenko et al. (2016a) .
The lowest dissociation limit from MgO is to the a 3 Π asymptote (Mg( 1 S) and O( 3 P )), which Bauschlicher & Schwenke (2017) estimated as lying at 2.7±0.1 eV. Their adiabatic dissociation energy for the X 1 Σ + state is 4.65 eV, which is similar to the value obtained using the atomic asymptotic separation to O( 1 D), 4.67 eV. This is also the asymptote as for the A 1 Π state. Adding the atomic separation of O( 3 P ) and Mg( 3 P ) to this limit gives the asymptote for the B 1 Σ + state of 5.4 eV. These asymptotes were adopted for the values of A e in Eq.
(1) used in this work.
We did not represent the ab initio SOCs and EAMCs analytically directly. Instead, in order to allow for their refinement, the morphing procedure (Meuwly & Hutson 1999; Skokov et al. 1999; Patrascu et al. 2014 ) was used. According to this procedure, as implemented in Duo, the ab initio SOCs and EAMCs are multiplied by a morphing function F (z) represented by following expansion:
where z is either taken as a damped-coordinate (for the a-S SOC) given by: MgO is an ionic system. This leads to large permanent dipole moments which vary strongly with r and, because the degree of charge separation changes strongly between excited states, large transition dipoles. Similar behaviour was observed in the previous ExoMol study on CaO (Yurchenko et al. 2016) . Duo input files which fully specify our final spectroscopic model are given as part of the supplementary data.
RESULTS

ACCURACY OF THE FITS
The ab initio PECs ans SOCs were refined by fitting to the 2457 experimental transition frequencies (see Table 1 ) augmented with 756 MARVEL term values for Figure 5 gives an overview of the Obs. − Calc. residues with more detailed results given in Tables 3, 4 and 5.
Line lists for the other isotopologues of MgO were generated using the curves with no allowance for any failure of the Born-Oppenheimer approximation. This means that while we expect these line lists to still be accurate, some loss of accuracy is to be expected. 
Partition function
Partition functions, Q(T ), were computed with Duo in steps of 1 K by explicit summation of the calculated energy levels. ExoMol always produces partition functions according to the HITRAN convention (Gamache et al. 2017 ) which explicitly includes the full atomic nuclear spin degeneracy, g ns . Since the nuclear spins of 24 Mg and 16 O are both zero, therefore the nuclear statistical weight is 1. There is no need to scale the Sauval & Tatum (1984) or Barklem & Collet (2016) At 300 K we obtain a value of Q = 374.651 which is in excellent agreement with the value Figure 6 . Partition function of 24 Mg 16 O produced from the ExoMol line list compared with Sauval & Tatum (1984) and Barklem & Collet (2016) .
of 374.621 used in the JPL database (Pickett et al. 1998) . Figure 6 plots our temperaturedependent partition function and compared with those computed by Sauval & Tatum (1984) and by Barklem & Collet (2016) . All three data sets agree very well below 3500 K with the ExoMol results being higher than Barklem & Collet or Sauval & Tatum. We believe our energies to be more complete which should explain why our partition function is higher.
However, above about 5000 K electronically excited states of MgO, not considered in this calculation, will become increasingly thermally occupied. For this reason and because the abundance of MgO is likely to small in this temperature region we used a 5000 K upper temperature limit in this study.
The partition functions for all isotopologues are given in the supplementary data.
Lifetimes
Lifetimes for the states are provided as part of the Duo calculations, detailed methodology is given by . (J = 1) using Stark quantum-beat spectroscopy, and 21.5±1.8 ns by Naulin et al. (1991) (J = 70) also using fluorescence decay. Maatouk et al. (2010) calculated the J = 0 and J = 70 lifetimes as 33.3 and 22.0 ns, respectively suggesting a significant decrease in lifetime with rotational excitation.
Our lifetimes (B 1 Σ + , v = 0) for J = 0 and J =70 are 21.8 ns and 21.7 ns, respectively, in agreement with the measurements of Büsener et al. (1987) and Naulin et al. (1991) . An overview of the lifetimes of MgO for the four lowest electronic states is presented in Figure   7 . The shortest-lived states are from B 1 Σ + . The lowest states (v = 0, small J) of X 1 Σ + and a 3 Π have very long lifetime.
Line lists
Line lists were generated by consider all lower states up to 24 000 cm −1 , upper states up to 37 500 cm −1 and rotationally excited states up to J = 300. These parameters are sufficient for completeness up to temperatures of 5000 K and wavenumbers up to 33 000 cm −1 or wavelengths longer than 0.3 µm, although at higher temperatures the line lists will be not quite complete for the highest wavenumbers. Table   6 and a extract of the transition file is shown in Table 7 . The line lists for isotopologues have comparable sizes.
SIMULATED SPECTRA
Absorption spectra at different temperatures are presented in Figure 8 . The contribution of each band is shown in Figure 9 . The green (B − X) and red (B − A) singlet band systems are the strongest bands and show a significant overlap at visible wavelengths. All spectral simulations employed the ExoCross code .
Comparisons with the previous experimental works have been made to assess the quality of our computed line list. The rotational X band in the form of a stick spectrum is shown in Figure 10 , where it is compared to the experimentally determined transitions from the JPL database (Pickett et al. 1998) . The JPL spectrum is based on the dipole moment of 6.88 D taken from an old ab initio calculation due to Fowler & Sadlej (1991) . Our vibrational averaged (v = 0) value is 5.99 D, which is the same as given by Bauschlicher & Schwenke (2017) . We expect this new value to be represent an improvement which suggests that the current JPL intensities are about 30% too strong and, correspondingly, the observational upper limits for the ISM (Turner & Steimle 1985; Sakamoto et al. 1998 ) to be about 30% too low. Red band studies made by Pasternack et al. (1978) also show good agreement with the ExoMol data around the (1, 1) band; Figure 14 gives a comparison of the emission spectrum simulated using the ExoMol line list with the laser-induced fluorescence of MgO in acetyleneair flames (Pasternack et al. 1978) . In order to match the experiment, the vacuum wavelength was re-scaled to the air-acetylene wavelength using the refractive indexes from (Ciddor 1996; Loria 1909) 1 assuming a 45:55 mixture. This ratio was adjusted to match the experimental spectrum.
The green band
For the 495 nm to 501 nm region of the B − X transitions, Figure 15 compares our data with the laser-induced fluorescence spectrum of Pasternack et al. (1978) . The shapes, which are largely determined by bandheads, of the two spectra are similar. The same wavelength calibration (vacuum to air-acetylene) as above was applied. The ExoMol spectrum agrees very well also with the higher resolution experimental data from the same region, measured between 499.7 nm and 500.1 nm using Stark quantum-beat spectroscopy by Büsener et al. (1987) , see Figure 16 , where no calibration was required. For these simulations the non-LTE model was assumed based on two temperatures, rotational T rot and vibrational T vib , as implemented in Duo. The temperatures selected to match the experimental emission spectra ere 1000 K and 2500 K, respectively.
(0,0) (0,1) Figure 11 . Comparison of the ExoMol spectrum (lower) and experimental spectrum from Dreyer et al. (2001) (upper) in the range of 588 nm to 633 nm. The (0,0) and (0,1) bandheads agree whereas the other bandheads cannot be clearly distinguished from each other. wavenumber, cm -1 T = 2500 K Figure 12 . Comparison of the ExoMol emission (2300 K) and experimental spectra from Dreyer et al. (2001) in the range of 16115 cm −1 to 16150 cm −1 using the Voigt profile with γ = 1.1 cm −1 combined from the contributions from three main isotopologues, also shown, assuming the terrestrial abundance (0.79/0.10/0.11 for 24/25/26, respectively). Comparison of the ExoMol emission spectrum and experimental spectrum from Pasternack et al. (1978) around the (1,1) bandhead using the Voigt profile with γ = 1.1 cm −1 at T = 2500 K. The vacuum wavelength was re-calibrated to the acetylene-air wavelength to match the experiment. wavenumber, cm -1 T = 2500 K Figure 15 . Comparison of the Exomol emission spectrum and experimental spectrum from Pasternack et al. (1978) in the range of 495 nm to 501 nm. The ExoMol spectrum was generated using the Voigt profile with γ = 1.1 cm −1 at T = 2500 K. The vacuum wavelength was re-calibrated to the acetylene-air wavelength to match the experiment.
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wavenumber, cm -1 T rot = 1000 K T vib = 2500 K Figure 16 . Comparison of the absorption ExoMol spectrum and experimental spectrum from Büsener et al. (1987) in the range of 499.7 nm to 500.1 nm in the green band using the Gaussian line profile of HWHM=1 cm −1 , at Trot = 1000 K and Trot = 2500 K.
